F1 nude mice, both grafted with an H-2 a thymus, generated T cells restricted virtually exclusively to the thymic H-2 a (reviewed in refs. [1] [2] [3] [4] . The collective evidence from many experiments with irradiation chimeras [except for some double irradiation chimeras (5, 6)], and reconstituted nude mice (3, (7) (8) (9) (10) (11) (12) rendered the possibility unlikely, but not completely impossible, that lymphohemopoietic cells contributed importantly to positive selection of T cells in the thymus. Second, T cell receptor (TCR) transgenic (tg) precursor T cells were shown to mature only in a thymus with the corresponding MHC (13) (14) (15) (16) . Nevertheless, these two sets of results were discussed and questioned (17) (18) (19) (reviewed in refs. 2, 4) from the very beginning because positive selection was rarely absolute. Key questions raised were whether the results with chimeras reflected (i) true positive selection by the thymic epithelial MHC determining the TCR repertoire generated independently of the immunizing antigen, (ii) ''suppressive mechanisms'' caused by allogeneic combinations of bone marrow-derived cells, thymus grafts, and irradiated or nude hosts used, (iii) specificity determined by the immunizing antigen alone as presented by bone marrow-derived cells, or (iv) combinations of the above possibilities. The above summarized experimental results were in fact in contrast to variable findings with H-2-incompatible irradiation chimeras (17, 20, 21) or with H-2 a lymphocytes acutely depleted of anti-H-2 b alloreactive T cells (18) and some experiments with irradiation bone marrow chimeras that implied either a variable role of antigen-presenting cells in positive selection (5, 11) or in expansion͞survival of selected T cells (22) (23) (24) (25) , or at a level of induction, only without a need for positive selection (19) (reviewed in ref. 4) . Additionally, some early experiments with chimeras suggested that sometimes the antigenpresenting cells of the chimeric host played a limiting role in induction of mature T cells (17, 19, 20, 26, 27) . These latter experiments were partially based, however, on complicated protocols that require adoptive transfers (20) or multiple restimulations in vitro [and undefined multiple minor histocompatibility antigens (17) ] or on assays that used haptenspecific (and often crossreactive) T cell responses (9) ; most experiments used few titrations so that the relevance of these data has remained unclear. On the other hand, experiments that used intrathymic transfer of cell lines (28) (29) (30) or adenovirus-induced expression of new MHC antigens in the thymus (31) suggested that perhaps positive selection by MHC expressed on thymic epithelial cells alone was possible. Surprisingly, studies with nude mice reconstituted with completely histoincompatible thymic grafts contradicted the decisive role of thymic epithelial cells in positive selection. Nude H-2 d mice reconstituted with an incompatible H-2 b thymus graft developed effector T cells exclusively restricted to the host H-2 d (32) . A possible key difference between thymically reconstituted nude vs. radiation bone marrow chimeras may have been that nude mice expressed the same MHC on all cells except for the allogeneic MHC on thymic epithelial and stromal cells. In contrast, irradiation bone marrow and thymically reconstituted chimeras may possess low unknown numbers of radioresistent peripheral lymphohemopoietic cells (33) , follicular dendritic cells (34) , lymphocytes, and other somatic cells that could still somehow be involved in shaping the T cell repertoire (reviewed in refs. 1, 2, 4).
The present studies took advantage of new mutant mice, to make a fresh attempt at examining the role of the MHC of bone marrow-derived cells in selecting T cell repertoires in thymus-deficient mice reconstituted with an allogeneic thymus. The experiments presented here confirm a key role of the thymic epithelial cells in T cell repertoire maturation. This step, at least under the conditions tested in nude mice, can be thymic MHC-independent and can be fulfilled by xenogeneic thymus grafts. The results reveal a key role of bone marrowderived cells in T cell repertoire selection͞expansion, in addition to their accepted role in T cell induction. (12, 35) .
MATERIALS AND METHODS
Reconstitution. Recipient nude mice were irradiated with 4.5 Gy 1 day before reconstitution. Thymi of 14-to 15-day-old fetal donors or thymic fragments of adult mice were transplanted under the kidney capsule under general anesthesia; fetal liver cells or adult spleen cells plus bone marrow cells (2-5 ϫ 10 7 ) were transfused i.v. on the same day (32, 36) . F 1 type were reconstituted with thymic grafts of various allogeneic H-2 types alone or together with immunologically inert lymphohemopoietic cells from genetically T and B cell-defective thymus donor mice (i.e., from SCID or RAG-1 0/0 mice). Several of these nude mice were examined at 14-16 days of fetal life or as young adults before and after 3-5 months of reconstitution for histological evidence of thymus rudiments; they were always tiny and were devoid of lymphocytes (reviewed in refs. 8, 37) (36, 38) .
Initially, some of the original key experiments were repeated: (H-2 b xH-2 (32) and indicated that the observed lack of thymic H-2-restricted effector T cell activity is not caused simply by absence of appropriate antigenic-specific stimulation.
In parallel experiments, we attempted to imitate the postulated possibility that irradiation bone marrow chimeras may contain low levels of surviving lymphohemopoietic cells that could influence positive selection (see above). Therefore, nude mice were reconstituted with a thymic graft plus bone marrowderived cells from H-2-incompatible and immune-defective SCID or RAG-1 0/0 donors. The thymic grafts exhibited conventional thymic cortex and medulla when examined histologically (not shown). Surprisingly, and in contrast to thymus-only reconstituted nude mice, nude H-2 b mice given a thymus plus T and B cell-defective bone marrow-derived cells from H-2 k RAG-1 0/0 mice mounted a response specific for both host and donor H-2; sometimes the response was biased for donor H-2 k (Table 1 that possessed the tg TCR as revealed by PCR typing (15); these mice failed to express the 318 TCR above background level when analyzed by FACS with a V␣2-specific antibody (Fig. 1) . LCMV-immune splenocytes of euthymic tg TCR Table 4 ). These results showed that the 318 TCR was neither positively nor negatively selected in ICR (H-2 q ) mice (Fig. 1) . When blood lymphocytes of nude mice that were positive for the tg TCR by PCR were tested by FACS for V␣ (Table 4) . After infection with LCMV, all nude mice had comparable total spleen cell The data shown are representative for three comparable experiments for Exp. 1, a total of four to eight mice each tested in Exp. 2 and 3. uninf., uninfected. *Mice were infected with 10 2 pfu of LCMV; 7 or 8 days later, CTL activity was tested in a 5-h assay on the indicated targets at spleen cell-to-target cell ratios of 90, 30, 10, 8.7͞9.4); the proportion had increased at least 10-fold and therefore tg TCR ϩ T cells were overall at least 100-fold, but probably considerably more numerous than in the various control nude mice (Table 4 and Fig. 1 ). These tg TCR ϩ CD8 ϩ T cells exhibited levels of CD8 and TCR expression within normal ranges. Thus the tg 318 TCR matured in nude mice expanded (although less than in thymus competent controls) independent of a thymus but dependent on the MHC of bone marrow-derived cells.
DISCUSSION
Together, the two series of experiments with nude mice question the exclusive role of thymic epithelial cells in shaping the TCR repertoire and document an important role of bone marrow-derived cells in this process. The results indicate that, under the usual very low T cell precursor frequency conditions in nude mice, specific effector T cells can mature only dependent on a grafted thymus, which apparently functions largely as a differentiation and TCR-gene rearrangement-promoting organ for T cells. In contrast, specific TCR tg precursor T cells 
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The data shown are representative for three comparable experiments for Exp. 1, a total of four to eight mice each tested in Exp. 2 and 3; uninf., uninfected. *Mice were infected with 10 2 pfu of LCMV; 7 or 8 days later, CTL activity was tested in a 5-h assay on the indicated targets at spleen cell-to-target cell ratios of 90, 30, 10, or 3:1 (top to bottom). Secondary restimulation in vitro for Exp. 3 was for 5 days with infected indicated irradiated splenocytes as stimulator cells. Cultures were used undiluted or diluted 3-, 9-, or 27-fold (top to bottom) and assayed in the standard 51 times more frequent than other precursor T cells, are able to mature in the absence of a thymus. Expansion of these TCR-matured or tg TCR ϩ precursor T cells seems to be largely guided by MHC-expressing lymphohemopoietic cells (22) (23) (24) . Earlier findings of limited alloreactivity found particularly in aged nude mice (44) probably ref lect similar thymusindependent expansion mechanisms where the relatively high frequency of alloreactive or hapten-specific T cells may become detectable. Together, these data are compatible with several earlier findings suggesting that alloreactivity derives largely from crossreactivity of self-MHC-restricted T cells (reviewed in refs. 14, 45, 46), and they could perhaps suggest that TCR interact with MHC peptide complexes in a more random fashion than has been suggested by available crystallographic analyses so far (reviewed in ref. 47 ).
The present experiments with nude mice reconstituted with a histoincompatible or even xenogeneic thymic graft established that the MHC of the thymic epithelium is not really limiting the TCR repertoire that is shaped by the MHC of bone marrow-derived cells. Nevertheless, attempts at dissecting the relative importance of bone marrow-derived cells in repertoire selection͞expansion vs. survival-promotion vs. induction of effector T cells have not been successful so far. We have obtained only negative evidence that the induction step alone is limiting (32) . If antigen-specific induction by antigenpresenting cells expressing the thymic MHC alone had limited demonstration of thymus-allogeneically restricted nude recipient T cells, one should have expected that this specificity is revealed after adoptive immunization experiments. The negative results therefore indicate that there is an antigenindependent general selection͞expansion͞survival mechanism (22, 24, 25, 48) yielding increased relative precursor frequencies of CTL corresponding to the MHC of bone marrowderived cells. Whether this reflects crossreactivity between MHC alleles or even xenogeneic and host MHC or suggests that TCR-MHC interactions represent a continuous spectrum of specificities from which effector T cells are induced (see also proposal in ref. 4 ) remains open. In the absence of direct and clearer results on an exclusive role of thymic epithelial cells in TCR repertoire selection, the meaning of the term ''positive selection'' may have to be changed to reflect general selection͞ expansion͞survival and, as stated above, to also include induction. A clear dissection of these interrelated steps remains to be done, but may be difficult to obtain.
In conclusion, the new experimental mutant mice discovered and developed during the past 20 years made it possible to take a fresh look at the role of the radio-resistant thymus, i.e., thymus epithelial cells, vs. that of lymphohemopoietic cells in T cell repertoire selection. Together with earlier experimental evidence from thymus and bone marrow chimeras, this study indicates that MHC-restricted T cell maturation and 
